Sugarcane (*Saccharum* spp.) is an important biofuel feedstock because of its ability to accumulate high quantities of biomass and sucrose and is one of the most photosynthetically efficient C4 plants [@bib0005]. Breeding programs has been the main approach towards sugarcane improvement. However, the time required for a new variety (13 years) and the complexity of the genome of modern sugarcane varieties are major constraints [@bib0010]. Since the early 1990s, much progress was achieved in the biotechnological manipulation of sugarcane [@bib0015]. Nevertheless, stable transformation and plant regeneration for genomics studies is a time consuming for this crop. Model plants for genetic transformation like *Arabidopsis thaliana* are used in the proof of concept for many traits in various important crops. Therefore, there is still a need for additional model plants to decode and translate traits that are absent in these species [@bib0020]. In order to assist this endeavor, *Setaria viridis* was recently describe as a new monocotyledonous model species for C4 photosynthesis research and genetic transformation [@bib0025]. *S. viridis* belongs to the Poaceae family, subfamily Panicoideae that is one of the most agronomically important grass, including sugarcane. *S. viridis* has a number of characteristics that makes it interesting as a model plant [@bib0020]. Therefore, there is a need for a simple and highly efficient protocol for *S. viridis* genetic transformation. Here we report a simple protocol using *Agrobacterium*-mediated transformation with reporter genes *gus* (β-glucuronidase) and *gfp* (green fluorescent protein).

Seeds of *S. viridis* (accession A10.1) were planted in soil and grown in phytotron chambers under 16 h photoperiod, 26 ± 2 °C, 65% relative humidity and light intensity of 400 μmol m^−2^ s^−1^. Mature seeds were used for embryogenic callus induction. Seeds were disinfested after removal the lemmas and paleas with a solution of 10% sodium hypochlorite and 0.1% Tween 20^®^ for 3 min followed by 5 rinses in sterile distilled water. After blotted on sterile filter paper the dehulled mature seeds were placed on callus induction medium (CIM) that consisted of MS salts [@bib0030], 1 mg/L d-biotin, 0.5 mg/L pyridoxine HCl, 0.5 mg/L nicotinic acid, 100 mg/L myo-inositol, 0.1 mg/L thiamine-HCl, 0.6 mg/L CuSO~4~, 30 g/L sucrose, 2 mg/L 2,4-dichlorophenoxyacetic acid, 0.5 mg/L kinetin and 4 g/L Phytagel™. The pH of the medium was adjusted to 5.8. After 3 to 5 weeks of incubation in the dark at 25 ± 2 °C, the callus was divided into small explants and subcultured onto fresh CIM. After 4--5 days these explants are ready to transformation step.

The expression vectors used for transformation of *S. viridis* are listed in [Table 1](#tbl0005){ref-type="table"}. These vectors contain the reporter genes *gus* and *gfp* both with intron (DNA Cloning Service, Germany). A primary culture of *Agrobacterium tumefaciens* (EHA 105) was prepared by inoculating a single colony from a freshly streaked YEB agar plate in 5 mL of autoclaved YEB containing 100 mg/L spectinomycin and 50 mg/L rifampicin. The bacterial culture was incubated for 16 h in an orbital shaker at 180 rpm in dark at 28 °C. Secondary culture was initiated by inoculating 50 μL of primary culture into 25 mL YEB supplemented with 200 μM of acetosyringone with the same antibiotics and grown under the same conditions. Bacterial suspension was centrifuged and the pellet was resupended in a liquid CIM medium without CuSO~4~ to OD~600~ = 0.6. Approximately 50 calli were incubated for 5 min in *Agrobacterium* suspensions that contained 200 μM of acetosyringone and 10 μL of a 10% Synperonic^®^ PE/F68 (Sigma--Aldrich) solution per 1 mL of the suspension. The calli were blotted on sterile filter paper and co-cultivated on a fresh CIM medium supplemented with 200 μM of acetosyringone for 3 days in the dark at 22 °C. Following co-cultivation, the calli were subcultured in CIM medium supplemented with 150 mg/L Timetin^®^ for one week in the dark at 25 ± 2 °C and then transferred to CIM selective medium containing 30 mg/L hygromicin B or 3 mg/L glufosinate ammonium ([Table 1](#tbl0005){ref-type="table"}) and 150 mg/L Timetin^®^ following the same cultivation conditions. One week later, the explants were transferred to a selective regeneration medium (SRM) consisting of MS salts, 1 mg/L d-biotin, 0.5 mg/L pyridoxine HCl, 0.5 mg/L nicotinic acid, 100 mg/L myo-inositol, 0.1 mg/L thiamine HCl, 20 g/L sucrose, 2 mg/L kinetin, 150 mg/L Timetin^®^, 30 mg/L hygromicin B or 3 mg/L glufosinate ammonium, 2 g/L Phytagel™ with pH 5.8 adjusted before autoclaving. The cultures were incubated in growth chamber at 25 ± 2 °C, 16 h photoperiod using cool white fluorescent light (75 μmol m^−2^ s^−1^). In order to promote shoot and root elongation, the surviving seedlings were placed into Magenta™ box containing MS basal medium with the same selective agents and 150 mg/L Timetin^®^. Regenerated shoots ≥50 mm long were transplanted into pots for acclimatization. For each construct, the transformation efficiency (%) was calculated as the total number of PCR positive plants/total number of inoculated callus ×100. The PCR reaction with *gus*-specific primers sequences 5′-TTTGTTGATGTGCAGGTGGT-3′ and 5′-CTGCCCAATCCAACATCTCT-3′ and *gfp*-specific primers sequences 5′-ACCCTCGTCACCACTTTCAC-3′ and 5′-CATGTGGTCCCTCTTCTCGT-3′ were used to generate 424 bp and 669 bp PCR product, respectively ([Fig. 1c](#fig0005){ref-type="fig"}). Transgenic plants were histochemically assayed for GUS activity ([Fig. 1d](#fig0005){ref-type="fig"}), as described by Jefferson et al. [@bib0035]. GFP-specific fluorescence in transgenic seeds of *S. viridis* was visualized using a Zeiss Axio Imager Z2 Upright microscope assembled with a FITC/Alexa Fluor 488 filter (Chroma Technology Corp.). The GFP-fluorescence in seedlings was visualized using the Typhoon FLA 9000 laser scanner (GE Healthcare) using LPB filter ([Fig. 1e](#fig0005){ref-type="fig"}). Segregation analysis was performed in T1 seeds. In order to overcome the dormancy, seeds were treated with concentrated sulfuric acid for 15 min and washed thoroughly in water and then disinfested with a solution of 2% sodium hypochlorite and 0.1% Tween 20^®^ for 5 min followed by 5 rinses in sterile distilled water.Fig. 1*Agrobacterium tumefaciens*-mediated transformation of *Setaria viridis*. (a) embryogenic callus after 5 weeks in CIM medium (bar = 2 mm). (b) translucent embryogenic callus most suitable for transformation (arrow heads, bar = 0.5 mm). (c) PCR analysis of the transgenic plants with *gfp* specific primer (NT: non-transgenic plant, lanes 1--11 transgenic plants, M: molecular weight marker -- 100 bp DNA Ladder). (d) Transgenic plant expressing GUS (right) and non-transgenic (left). (e) Transgenic T1 seeds expressing GFP (top) and *T*~1~ seedlings expressing GFP (bottom). (f) Regenerated transgenic plantlet in hygromicin-containing selective MS medium (arrow head).Table 1Summary of transgenic plants production by embryogenic calli.Vectors[a](#tblfn0005){ref-type="table-fn"}Number of explantsSelectable markerNumber of PCR positive plantsTransformation efficiency (%)[b](#tblfn0010){ref-type="table-fn"}p6i225*hpt*3214.22p6mD\#1218*hpt*3013.76p6mD\#255*hpt*1629.09p677*hpt*67.79p7U50*bar*36.0p6mD\#383*hpt*1113.25p6mD\#433*hpt*412.12[^1][^2][^3]

Plant transformation has become a core research tool for crop improvement as well as studies on gene function in plants. Various methodologies of plant transformation have been developed to increase the efficiency of transformation and to achieve stable expression of transgenes in plants [@bib0040]. Therefore, this substantially simplified and improved new protocol for *S. viridis* transformation will significantly contribute to its adoption as a model plant. Callus quality is considered as one of the most important parameters for an efficient tissue culture and *in vitro* transformation system [@bib0045]. In our study, callus formation was induced on CIM from dehulled mature seeds. After 5 weeks of culture, approximately 90% of them became white/yellow embryogenic calli. This callus ([Fig. 1a](#fig0005){ref-type="fig"}) was divided into small pieces and transferred to fresh CIM. After 4--5 days, a formation of a translucent embryogenic callus was observed ([Fig. 1b](#fig0005){ref-type="fig"}). Such callus was highly regenerable and very competent for transformation. The regenerated plants were transferred to soil after 3--4 weeks. Seeds were harvested after 6--7 weeks. The whole protocol from seed to seed was around 15 weeks. In addition, the protocol showed high efficiency independently of the vector backbone or selective marker used ([Table 1](#tbl0005){ref-type="table"}). We also observed that the number of subcultures is critical for transformation and plant regeneration. After two subcultures, a 50% decrease in the transformation efficiency was observed. Moreover, after three or more subcultures no transformed plants could be obtained. Therefore, after transformation, we maintained the calli just for one week in CIM plus Timentin^®^ and then one more week in CIM containing the selective agents. After these two weeks the calli were transferred to regeneration media containing the appropriated selection agent and Timentin^®^. At this phase, the calli may contain non-transgenic sectors, hence, it is important to keep the selection pressure. After 1--2 weeks in regeneration media the surviving plantlets were transferred to MS medium keeping the selective agents at respective concentration ([Fig. 1f](#fig0005){ref-type="fig"}). Analysis of gene expression (RT-qPCR) was performed for events of two out of six constructs and showed high levels of transcripts abundance ranging from 45 to 2050-fold in comparison with non-transgenic plants (data not shown). Segregation analysis showed that more than 80% of the transgenic events contained a single-site insertion. [Table 2](#tbl0010){ref-type="table"} illustrates a Chi-square test (*P *\< 0.05) of five events from one vector (p6mD\#2) showing segregation ratio of 3:1, indicating a single-site insertion of the transgene. The transformation method described here, with up to 29% transformation frequency, with an average of approximately 15%, can provide a valuable tool for genomics and physiological studies. Such transformation efficiency is three times higher than previously reported [@bib0050]. Considering that *S. viridis* and sugarcane belongs to the same family with C4 metabolism (NADP-ME subtype) and similar cell wall composition, the high efficiency of our genetic transformation protocol indicate that *S. viridis* might be effectively used as a model plant for sugarcane applied research, including those related to abiotic stress tolerance and improved biomass for second generation (2 G) ethanol production.Table 2Segregation ratios in the *T*~1~ generation of plants transformed with p6mD\#2.EventResistant[a](#tblfn0015){ref-type="table-fn"}Sensitive[b](#tblfn0020){ref-type="table-fn"}*χ*^2^ value for 3:1[c](#tblfn0025){ref-type="table-fn"}Fits 3:1 ratio[d](#tblfn0030){ref-type="table-fn"}2827110.59Y292733.60Y352180.10Y492990.03Y9134193.32Y[^4][^5][^6][^7]
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[^1]: *hpt* -- hygromycin phosphotransferase gene with an intron, *bar* -- phosphinothricin acetyl transferase gene with an intron.

[^2]: Vectors were purchased from DNA Cloning Service ([www.dna-cloning.com](http://www.dna-cloning.com){#intr0005}). p6mD vector contains different genes of interest.

[^3]: For each construct, the transformation efficiency was calculated as the total number of PCR positive plants/total number of inoculated callus ×100.

[^4]: Number of seedlings survived on the medium containing 50 mg/L hygromycin.

[^5]: Number of seedlings sensitive on the medium containing 50 mg/L hygromycin.

[^6]: Significantly different at *P *\< 0.05.

[^7]: Ratio of resistant versus sensitive seedlings on hygromycin.
